Background and objectives AKI is associated with major adverse kidney events (MAKE): death, new dialysis, and worsened renal function. CKD (arising from worsened renal function) is associated with a higher risk of major adverse cardiac events (MACE): myocardial infarction (MI), stroke, and heart failure. Therefore, the study hypothesis was that veterans who develop AKI during hospitalization for an MI would be at higher risk of subsequent MACE and MAKE.
Introduction
AKI is a common disorder that complicates the hospital course of many patients (1) (2) (3) (4) . The incidence of AKI is increasing, and the mortality of AKI remains unacceptably high (3, 4) . AKI is linked with an independent risk of death in multiple cohort studies (5, 6) . Although the early hazard of AKI has been demonstrated, the long-term consequences of AKI in survivors are not as well appreciated. More recently, multiple large cohort studies have demonstrated that patients who survive an episode of AKI are at risk for progression to advanced stages of CKD (7) (8) (9) (10) (11) (12) . As a consequence of these findings, the composite endpoint of major adverse kidney events (MAKE) (13) has been endorsed by the National Institute of Diabetes and Digestive and Kidney Diseases clinical trials workgroup to harmonize and encourage future clinical trials (14) (15) (16) .
Because patients who develop AKI and CKD also tend to have risk factors for cardiovascular disease (e.g., diabetes mellitus, hypertension, and hypercholesterolemia), some authors have suggested that the increased cardiovascular events and excess mortality outcomes seen in patients with kidney disease (both AKI and CKD) are largely an epiphenomenon due to shared risk factors (7, (17) (18) (19) (20) (21) . AKI is associated with the development of CKD, and CKD is also a robust risk factor for major adverse cardiovascular events (MACE) (22). Therefore, patients who sustain AKI and then develop CKD will be at risk for developing cardiovascular events.
We hypothesized that patients who develop AKI are at risk for future MACE and MAKE. In this study we compared the renal and cardiovascular outcomes of patients with AKI, myocardial infarction (MI), and both MI and AKI. We also assessed the development of the combination of MACE and MAKE, a term we refer to as major adverse renocardiovascular events (MARCE).
Materials and Methods

Patients
All patients in the Veterans Affairs (VA) Decision Support System database who had an admission from October 1999 through December 2005 with a primary discharge diagnosis for International Classification of Diseases, Ninth Revision (ICD-9), code of 584.xx (AKI) or 410.xx (MI) were selected for analysis. Each of these ICD-9 codes is highly specific for its respective diagnoses (23) (24) (25) . The first such admission during this period was defined as the index admission. For this admission, all serum creatinine (SC) and albumin (SAlb) laboratory evaluations during the previous year (baseline) and for up to 6 years following admission were examined.
Three groups of patients were identified on the basis of the ICD-9 diagnosis of the index admission and SC values: (1) AKI group (patients with AKI ICD-9 diagnosis and an increase in SC to a level corresponding to stage 1, 2, or 3 of the Kidney Disease Improving Global Outcomes [KDIGO] criteria) (26); (2) MI without an increase in SC; and (3) MI with an increase in SC values to a level corresponding to stage 1, 2, or 3 of the KDIGO criteria. KDIGO criteria for this analysis were defined as a peak SC during admission at least 1.5-1.9 times higher than baseline or an increase of $0.3 mg/dl (stage 1), an increase of at least 2.0-2.9 times baseline (stage 2), or an increase of $3.0 times baseline or $4.0 mg/dl (stage 3). Urine output criteria for KDIGO criteria were not assessed. Thus, the patients in the AKI and the MI+AKI groups had AKI validated by their SC values in addition to their primary discharge diagnosis for the index admission. Patients who had progressed to CKD stage 3b, 4, or 5 before their index admission; those who started long-term dialysis; those with mean baseline estimated GFR (eGFR),45 ml/min per 1.73 m 2 ; and those with no SC evaluations during baseline were not included in the analysis (26) . Patients with a 25% decrease in eGFR during the year before admission were also excluded. Patients with admissions for AKI followed by MI (or vice-versa) were kept in the analysis.
Variables
For each patient in the sample, we collected every SC and SAlb date and value during the study period. We computed eGFR from SC, sex, age, and race using the CKDEpidemiology Collaboration formula (27) . Any eGFR values .120 ml/min per 1.73 m 2 were recoded to 120 ml/min per 1.73 m 2 ( Figure 1) . The date on which eGFR decreased by 25% was defined as the first date on which eGFR decreased to #75% of the mean baseline eGFR and never again increased above 75% of the baseline value for that patient, as previously described (7) . Long-term dialysis was defined as having .13 outpatient dialysis treatments during any 60-day period, with the start date defined as the date of the first of these treatments (7) . Primary diagnoses for all outpatient visits during the study period were examined. Patients were coded as positive for pre-indexadmission hypertension if they had visits with an ICD-9 code of 401.xx and as positive for diabetes if they had clinic visits with a code of 250.xx before the admission date for the index admission (7) . Dates of all admissions during the study period with discharge diagnoses of MI (ICD-9 code, 410.xx), heart failure (428.xx), coronary artery disease/coronary atherosclerosis (414.xx), and stroke (434.xx, 435.xx, or 436.xx) were recorded. Each of these ICD-9 codes is highly specific for its respective diagnosis (24, 28) . Patients with outpatient visits before the index admission with primary diagnosis ICD-9 codes of 401.xx or 250.xx were coded as having hypertension and diabetes, respectively. Patients with pre-index-admission inpatient stays with primary diagnosis ICD-9 codes of 434.xx, 435. xx, or 436.xx were coded as having stroke, and those with a code of 414.xx were coded as positive for coronary artery disease (CAD). 
Outcomes
The primary outcomes assessed were mortality, MAKE, and MACE during the study period (maximum of 6 years depending on the index hospitalization). Date of death was available from the VA Beneficiary Identification Records Locator Subsystem Death File, which is updated weekly with data from the Social Security Administration. Secondary outcomes were as follows: MACE was coded as positive for patients who had at least one subsequent admission for stroke, congestive heart failure, or MI following the index admission. MAKE was coded as positive for patients who, after the index admission, underwent long-term dialysis, had a 25% decrease in eGFR, or died. MARCE was defined as having MAKE or MACE or both. The dates of MAKE, MACE, and MARCE were defined as the date of the first qualifying event.
Statistical Analyses
All data were extensively checked for out-of-range values. The Pearson chi-squared test was used to examine associations between diagnostic group and binary outcomes. Several multivariate analyses were then used to correct for potential confounding variables, including age; race; sex; baseline renal function; and preadmission hypertension, CAD, stroke, or diabetes. Time-to-event analyses were then used to assess differences between diagnostic groups in the rate at which patients reached each endpoint: death, MACE, MAKE, and MARCE. For each of the four outcome variables, Kaplan-Meier analysis was used to examine univariate differences between groups. Cox regression was used to correct the time-toevent estimates for the effects of covariates.
To further assess the effect of outcomes, the primary analysis was conducted with the subset of patients with MI who had an ICD-9 code specific for ST-segment elevation myocardial infarction (STEMI) (ICD-9 codes of 410.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8). Using the same methods described above, we created a STEMI group and a STEMI+AKI group; we compared these groups with the AKI cohort. We also conducted a stratified analysis by baseline eGFR tertile, and we conducted a sensitivity analysis in which we substituted the lowest eGFR during admission for patients with missing baseline SC values.
SAS software, version 9.2 (Cary, NC), was used for all statistical analyses, including the Freq, Lifetest, and Phreg procedures.
Results
The initial sample had 73,386 patients with admissions during the study period for AKI (n=23,017) or MI (n=50,369) for whom the dataset contained valid SC data. Of these patients, 16,044 were dropped because they had no SC values before the index admission date; 5050 patients with no SC values during admission were dropped because we could not determine their KDIGO status during the index admission. We withdrew 19,568 patients because their mean baseline eGFR was ,45 ml/min per 1.73 m 2 , 4712 patients because they entered CKD stage 3b before their index admission, and 8 patients because they started long-term dialysis before the index admission date. These exclusion criteria were not mutually exclusive. This left a final sample of 36,980 patients whose data were used in the subsequent analyses (AKI, 8426; MI, 18,921; MI+AKI, 9633) ( Figure 1 ).
The mean age of the study sample6SD was 66.8611.4 years; 1.5% of patients were female; 18.7% were African American, and 73.6% were white ( Table 1) . Lengths of stay for the index admission were longest in the MI+AKI group and shortest in the MI group. Baseline eGFR was lower in the AKI group than the other groups.
Univariate Results
Median follow-up was 1.4 years after the index admission (interquartile range, 0.5-3.4 years). The most deaths occurred in the MI+AKI group (57.5%), and the fewest (32.3%) occurred in the MI group (Table 1) .
Death. Kaplan-Meier analysis was used to account for the timing of events relative to the index admission date (Figure 2 ). The likelihood of dying during the follow-up period differed significantly between groups (log-rank statistic P,0.001). The survival estimates ( Figure 2A) show clear differentiation 1 year after index admission, with KaplanMeier survival estimates of 0.86 for patients with MI, 0.70 for those with AKI, and 0.66 for those with MI+AKI. Survival rates 5 years after index admission were 0.66, 0.41, and 0.41 for the MI, AKI, and MI+AKI, groups, respectively. Confidence intervals (CIs) for these estimates are shown in Supplemental Table 1 .
MACE. Time-to-event functions for MACE differed significantly between groups (log-rank P,0.001). One year after admission, the MI and MI+AKI groups had a higher MACE event probability than the AKI group (Figure 2B) . Estimates of the percentage of patients free of MACE at 1 year were 0.81 in the MI group, 0.75 in the MI+AKI group, and 0.93 in the AKI group.
MAKE. Time-to-event functions for MAKE differed significantly between groups (log-rank P,0.001) ( Figure  2C ). The percentages of patients free of MAKE events 1 year after admission were 0.84, 0.61, and 0.58 in the MI, AKI, and MI+AKI groups, respectively. Five years after admission, the estimates were 0.51, 0.25, and 0.24.
MARCE. Time-to-event functions for MARCE differed significantly between groups (log-rank P,0.001) ( Figure  2D ). The percentages of patients free of MARCE events at 1 year were 0.69, 0.56, and 0.43 in the MI, AKI, and MI+AKI groups. At 5 years, the percentage of patients free of MARCE were 0.40, 0.23, and 0.16 for the MI, AKI, and MI+AKI groups, respectively. Outcomes across diagnostic groups are shown in Figure 3 .
Multivariate Results
Cox regression models were tested for four outcomes: death, MACE, MAKE, and MARCE. We selected covariates that have been shown to predict CKD after AKI and covariates linked to cardiovascular outcomes (7) (8) (9) 29) . In each model, the covariates included diagnosis, sex, African American race, age.80 years, mean eGFR during baseline, preadmission diabetes or hypertension, history of CAD, previous stroke, and baseline serum SAlb,3 g/dl. Each of these four models was significant (likelihood ratio chisquared P,0.001).
In the Cox regression model for time from index admission to death, after correcting for all covariates, the hazard ratios (HRs) for the AKI and MI + AKI groups were 1.85 (95% CI, 1.76 to 1.94) and 2.14 (95% CI, 2.05 to 2.23), respectively (with MI used as the reference group; all P,0.001), indicating that the risk of death during the follow-up period was almost twice as high for patients with AKI and more than twice as high for those with MI+AKI compared with those with MI ( Table 2) . Other predictors with a significant independent association included eGFR (higher eGFR was associated with lower risk for death), sex (female sex was associated with lower risk), age .80 years (older patients were at higher risk), diabetes (patients with diabetes were at higher risk), diagnosis of hypertension or CAD (both associated with lower risk), previous stroke (associated with higher risk), and SAlb ,3 g/dl (associated with higher risk) ( Table 2 ).
In the model predicting time to MACE, the HRs for the AKI and MI+AKI groups were 0.40 (95% CI, 0.38 to 0.44) and 1.24 (95% CI, 1.18 to 1.30), respectively (with MI used as the reference group; all P,0.001). Other predictors with significant independent associations with MACE included eGFR (higher eGFR was associated with lower risk), diabetes, previous stroke, and history of CAD (all associated with higher risk) ( Table 2) .
HRs for MAKE for the AKI and MI+AKI groups were 2.07 (95% CI, 1.99 to 2.16) and 2.30 (95% CI, 2.21 to 2.38), respectively (with MI used as the reference group; all P,0.001). Higher baseline eGFR (P,0.001), female sex, and treatment for hypertension (different from hypertension per se) were associated with a lower risk, whereas African American race, age.80 years, diabetes, previous stroke, and SAlb,3 g/dl were independently associated with increased risk of reaching the MAKE endpoint.
In the overall composite endpoint (MARCE), HRs for the AKI and MI+AKI groups were 1.37 (95% CI, 1.32 to 1.42) and 1.92 (95% CI, 1.86 to 1.99). Higher baseline eGFR (P,0.001), female sex, and hypertension were associated with lower risk of reaching MARCE, whereas African American race, age.80 years, diabetes, previous stroke, and SAlb,3 g/dl were associated with higher risk of reaching MARCE.
Sensitivity Analyses
When patients without a STEMI were removed from the prior analysis, the same patterns were maintained as when they were included (Table 3) . Patients with AKI alone were more than twice as likely to die than patients with a STEMI alone (HR, 2.24; 95% CI, 2.08 to 2.41) after correcting for covariates.
Two additional sensitivity analyses (one stratified by eGFR tertile and the other using lowest during-admission eGFR for patients with missing preadmission SC values) produced results that did not substantively differ from the above findings (Supplemental Table 2 ).
Outcomes were examined in subgroups of patients in the AKI and AKI+MI groups, stratified by AKI severity (Supplemental Table 3 ). As AKI severity increased, so did the incidence of death, MACE and death, MAKE, and MARCE in the AKI+MI group. Even patients in the MI+AKI group who had the lowest severity (KDIGO category 1) had higher rates of each outcome than did the patients with MI.
Discussion
In this study of United States veterans, a multivariable analysis adjusted for renal and cardiovascular risk factors showed that patients with an index inpatient diagnosis of MI had the best survival compared with those with an index inpatient diagnosis of AKI or MI + AKI ( Figure 2 , Table 2 ). This finding remained present even when severity of AKI was assessed (Supplemental Table 3 ) and also remained present when patients with STEMI were compared with those with AKI and STEMI+AKI in a multivariable Cox model ( Table 3) .
The second aim of our study was to determine the incidence of MAKE, MACE, and MARCE, because these are proposed composite endpoints of clinical trials (14, 15) . Our analysis showed that patients who experienced an episode of AKI were at significant risk for death and permanent loss of renal function. During 6 years of follow-up, 53.1% of patients with AKI died and 62.5% developed MAKE. Perhaps more saliently, compared with patients in the MI group, those hospitalized for MI complicated by AKI had a marked increase in episodes of MAKE, MACE, and MARCE ( Figure 2, Table 1 ). Thus, when AKI complicated MI, the overall event rates for death and all composite endpoints increased. This finding was confirmed in multivariate time-to-event analyses (Table 2) .
Our findings that AKI is associated with long-term cardiovascular events, even after multivariable adjustment ( Table 2) , confirm the findings of a smaller study (30) . Our finding that patients with MI+AKI have twice the adjusted mortality risk of patients with MI alone is consistent with findings from previous cohort studies (31, 32) . In addition to the risk of death, some smaller studies have suggested that when MI is complicated by AKI, the risk of long-term cardiovascular events is increased (32-34) . One observational study of approximately 15,000 patients undergoing The reference group for diagnosis was MI (this was done because MI has the best survival). The reference group for eGFR was #50 ml/ min per 1.73 m 2 . CAD, coronary artery disease.
coronary angiography (a majority of whom had acute coronary syndrome) showed a long-term risk of MACE (32) . We confirm these findings in .28,000 patients with MI, showing that those with MI+AKI are more likely to develop MACE and almost twice as likely to be admitted for congestive heart failure compared with patients with MI alone ( Figure 2 , Table 1 ). We also showed that MI complicating AKI increases the incidence of MAKE, suggesting that the deleterious effect of acute heart failure or AKI is bidirectional. In aggregate, these data suggest that when AKI complicates MI, there is significant long-term risk for the development of cardiorenal syndrome (35) . In general, administrative database studies rarely have adequate granularity to account for all the possible aspects that influence outcome (4, 8, (36) (37) (38) (39) . These types of studies are valuable for hypothesis generation and revealing important associations. In this study, all circumstances that cause AKI in the dataset cannot be fully ascertained. However, the striking finding remains that an "exposure" of AKI portends severe renal and cardiovascular outcomes compared with a patient group with similar cardiovascular risk factors (MI group). We believe that this observation-that an AKI exposure is potentially worse for an individual than is a STEMI exposure-is novel and may be of great importance to funding agencies and public health officials.
In addition, when AKI complicates MI, renal, cardiovascular, and mortality outcomes are all worsened ( Table 1) . Some of this amplification may be because the development of AKI in these diseases is a surrogate for increased severity of illness. However, many of the observed MARCE events occur months to years after the index hospitalization, suggesting that acute cardiorenal injury may induce a vicious cycle that persists long after the acute event. The link between AKI and downstream cardiovascular events is plausible. Studies suggest that "organ crosstalk" may be active long after the initial injury. Preclinical models demonstrate that AKI can result in distant organ effects that include cardiac cell apoptosis and cardiac leukocyte infiltration (40). In a review, Ratliff and colleagues conclude that "AKI is a paradigm of a localized damage triggering systemic inflammatory disease," and when that inflammatory response is severe or prolonged, it may involve other organs (heart, lungs, and liver) (41, 42) .
This study has several strengths. First, it was undertaken with a large sample with access to longitudinal data. Second, the ICD-9 codes we used are highly specific for their respective diagnoses, and we had access to the inpatient serum creatinine values to further confirm the presence of AKI. Third, we had access to postdischarge diagnostic information and serial SC measurements relevant to the composite endpoints for MAKE, MACE, and MARCE.
This study also, however, has several limitations. Because we are unable to discern the severity of illness of patients with MI who developed AKI during their index hospitalization, we may have overestimated the effect of AKI per se as a surrogate for severity of illness. However, our findings are consistent with other smaller cohort reports (30, 32) . In addition, we used ICD-9 codes that tend to be specific for their respective diagnoses and that may have biased the AKI group to patients with more severe AKI. We were unable to adjust for some comorbid conditions (such as liver disease and malignancy) and socioeconomic status, which may limit the generalizability of the findings. Because this is a cohort of veterans, the population is older and overwhelmingly male. However, there are no a priori reasons to suspect outcomes for similar patients or women in other populations would be substantially different (7, 29 ). Because we were not able to link our database with the US Renal Data System dataset, our reported rate for the need for long-term dialysis is probably underestimated. However, that aspect of the MAKE and MARCE endpoint was captured by the 25% loss in baseline eGFR.
In conclusion, our data strengthen and further delineate evidence linking AKI and its severity in hospitalized patients either as a primary diagnosis or in association with other critical illness, such as MI, to increased longterm mortality and composite outcomes, such as MAKE, MACE, and MARCE. Furthermore, poor outcomes associated with AKI exceed those of an MI, a disease that carries a much higher public health profile, and whose prevention attracts very high levels of government and nongovernment funding. We also propose that composite endpoints (MAKE, MACE, and MARCE) be used in future clinical trials of AKI, because they provide a method that improves the ability to detect meaningful differences in therapeutic interventions (14) (15) (16) . Finally, improved prevention and therapy of AKI, as well as follow-up surveillance of this high-risk group, are urgently required. 
